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Calcineurin Regulates M Channel Modal Gating
in Sympathetic Neurons
Neil V. Marrion increases in [Ca21]i (>200 nM) can inhibit M current (Toki-
masa, 1985; Marrion et al., 1991; Kirkwood and Lisman,Vollum Institute
Oregon Health Sciences University 1992; Yu et al., 1994). The maintenance of the M current
recorded at resting calcium levels and the enhancementPortland, Oregon 97201-3098
of M current by a modest [Ca21]i rise both require ATP
in the whole-cell pipette solution (Pfaffinger, 1988; Yu
et al., 1994). This suggests that calcium-dependent
Summary phosphorylation may underlie both these phenomena.
Single M channels display nonstationary kinetic be-
The M current regulates neuronal excitability, with its havior in both rat (Stansfeld et al., 1993) and bullfrog
amplitude resulting from high open probability modal (Marrion, 1993) sympatheticneurons. In bullfrog neurons
M channel behavior. The M current is affected by the M channel displays two conductance levels (10 and
changing intracellular calcium levels. It is proposed 15 pS in isotonic potassium solutions), with each level
that internal calcium acts by regulating M channel exhibiting similar modal gating. The two modes of gating
modal gating. Intracellular application of a preacti- observed were a short open time, low open probability
vated form of the calcium-dependent phosphatase [P(o)] behavior (mode 1) and a long open time, high P(o)
calcineurin (CaN420) inhibited the macroscopic M activity (mode 2) (Marrion, 1993). Open time of mode 1
current, while its application to excised inside-out behavior has no apparent voltage dependence. In con-
patches reduced high open probability M channel ac- trast, mode 2 channel activity has open time and voltage
tivity. Addition of ATP reversed the action of CaN420 dependence characteristics appropriate for that under-
on excised patches. The change in M channel gating lying macroscopic M current deactivation (Marrion et
induced by CaN420 was different from the effect of mus- al., 1992; Marrion, 1993). In support of this, suppression
carine. A kinetic model supports the proposition that of M current by agonists was found to result from the
shifts in channel gating induced bycalcium-dependent selective reduction of mode 2 channel activity (Marrion,
phosphorylation and dephosphorylation control M 1993).
current amplitude. It is proposed here that calcium-dependent events
determine the amplitude of the macroscopic M current
by controlling the transition between gating modes. Cal-
Introduction cium-dependent phosphorylation may promote mode 2
gating, thus producing the characteristic macroscopic
The M current is a noninactivating potassium current M current relaxations. Conversely, larger increases in
that is present in a large number of neuronal cell types [Ca21]i reduce the M current, by an increase in mode 1
(see Brown, 1988). It is activated in the subthreshold activity that may be favored by a calcium-dependent
range for action potential initiation and causes mem- dephosphorylation. An intracellular candidate for this
brane hyperpolarization, hence decreasing cell excit- response is the calcium/calmodulin-dependent phos-
ability. Suppression of M current by activation of a phatase, protein phosphatase type 2B, or calcineurin
variety of receptor types (Brown, 1988) results in depo- (Klee et al., 1988). This possibility was tested using a
larization and an increase in membrane input resistance, preactivated, calcium-independent form of calcineurin
making the cell more likely to fire action potentials (Ad- (CaN420), which was produced by inclusion of a stop
ams et al., 1982a). In addition, M current plays a major codon at residue 420 of rat brain calcineurin cDNA, to
role in spike adaptation. For example, in frog sympa- yield a truncated form that lacked the autoinhibitory
thetic neurons, adaptation is reduced when the M cur- domain (Perrino et al., 1995). Inclusion of CaN420 in the
rent is suppressed (Adams et al., 1982a). Suppression whole-cell pipette solution inhibited the macroscopic M
of M current by synaptic activation underlies the slow current. After obtaining sustained M channel activity in
excitatory postsynaptic potential in sympathetic neu- excised inside-out patch recordings, the mechanism of
rons (Adams and Brown, 1982) and may underlie sei- the block of M current by CaN420 was resolved. As pre-
zure-generation activity in cortical neurons (Munakata dicted, the effect arose from a loss of mode 2 activity,
and Akaike, 1993). with the action of CaN420 being reversed by addition
The M current is transiently augmented in frog sympa- of ATP. A kinetic model is presented that allows an
thetic neurons following removal of agonist, a phenome- interpretation of how the distribution of M channel modal
non termed ªover-recoveryº (Pfaffinger, 1988). Agonists gating may be affected by both phosphorylation and
that suppress the M current simultaneously increase the dephosphorylation.
intracellular calcium concentration ([Ca21]i) (Pfaffinger
et al., 1988; Marrion et al., 1991). Chelation of this [Ca21]i Results
rise blocks the occurrence of over-recovery (Marrion et
al., 1991), suggesting that the amplitude of the M current Effect of Dialysis of CaN420 on Macroscopic
is affected by [Ca21]i. Modest increases in [Ca21]i (from M Current
50 to 150 nM), similar to that produced by the firing The M current is tonically active at potentials positive
to 270 mV (Brown and Adams, 1980). Macroscopic Mof action potentials, enhance the current, while larger
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Figure 1. Inhibition of M Current by Intracellular Application of CaN420
M current was activated by voltage clamping dissociated neurons at 238 mV and revealed by a 20 mV hyperpolarizing voltage step of 1 s
duration. The amplitude of M current deactivation was estimated from the amplitude of a single exponential component fitted to the first 350
ms of the deactivation relaxation. Plotted is the mean 6 SEM (number of cells) of the current normalized to the amplitude observed z30 s
after establishing whole-cell recording (0 time). Control (closed circles; n 5 7), CaN420 (92 nM; open circles; n 5 9), CaN420 (92 nM) with
autoinhibitory peptide (75 mM; multiplication signs; n 5 4), control with autoinhibitory peptide (75 mM; open diamonds; n 5 6), and control
with cyclosporin A (500 nM; closed diamonds; n 5 4). After an initial runup, control M current declined in amplitude during the 20 min of
recording. An example of control M current is shown at five time points during the recording (above). Inclusion of CaN420 inhibited the M
current (p < .05, two sample t test), and this effect was blocked by calcineurin autoinhibitory peptide. An example of the effect of CaN420 on
the M current is given at five time points, to show the reduction in amplitude without a change in deactivation kinetics (below). Inclusion of
the inhibitory peptide in the control whole-cell solution resulted in a larger M current with a reduced rundown (p < .1, two sample t test where
marked with an asterisk), indicating a role of endogenous calcineurin in regulating the size of the M current.
current can be studied in relative isolation from contami- solution inhibited the M current during the recording,
far in excess of the rundown observed in control cells.nating currents by voltage clamping the neuron to a
depolarized level (238 mV), a potential at which most After 20 min of recording, the M current amplitude was
inhibited by z55% from that seen at 0 time (n 5 9; Figureother potassium currents are inactivated. The M current
is then revealed by its deactivation uponapplying hyper- 1). The effect of CaN420 was significantly different from
control at all time points (p < .05, two sample t test). Nopolarizing voltage steps (Figure 1). The current reacti-
vates upon restoring the membrane potential to 238 mV, effect on M current deactivation kinetics was observed.
The effect of CaN420 was blocked by adding calcineurinproducing a slow increase in outward current. Within 1
min of voltage clamping the neuron at 238 mV, the M autoinhibitory peptide (75 mM) to the pipette solution
containing CaN420 (92 nM; Figure 1). The 25 amino acidcurrent increased in amplitude. This runup was absent
in cells bathed in calcium-free/manganese-replacement peptide fragment corresponds to a portion of the autoin-
hibitory domain of calcineurin. It has an IC50 of z20 mMRinger solution (data not shown), which suggests that
the runup is calcium dependent. Voltage clamp of the and does not block protein phosphatase 1 or 2A and
so is specific for calcineurin (Hashimoto et al., 1990).neuron at 238 mV causes an accumulation of intracellu-
lar calcium (Pfaffinger et al., 1988; Marrion and Adams, Inclusion of the calcineurin inhibitory peptide in the
control whole-cell pipette solution resulted in a greater1992) owing to sustained calcium channel activation
(Jones and Marks, 1989), which can subsequently mod- enhancement of the M current during the first minutes
of recording and a reduction in the amount of currentulate the M current. During 20 min of recording, the
M current was seen to run down from this augmented lost during rundown (Figure 1; p < .1, two sample t test
where marked with an asterisk). Similar results wereamplitude.
Inclusion of CaN420 (92 nM) in the whole-cell pipette obtained when cells were bathed in and dialyzed with
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characteristics was studied before application of CaN420
to an excised inside-out patch.
M channels exhibit two amplitude classes of 10 and
15 pS conductance. Each conductance class in cell-
attached patch recordings exhibits two modes of activ-
ity: short open time, low P(o) activity (mode 1) and long
open time, high P(o) behavior (mode 2). Mode 1 repre-
sents channel activity whose open time (to ≈ 3 ms) shows
no apparent voltage dependence. In contrast, mode 2
behavior yields longer mean open times (to ≈ 24.9 6 1.7
ms at 230 mV, mean 6 SEM; n 5 24) that decrease
e-fold in 26 mV hyperpolarization (Marrion, 1993). Previ-
ous work has shown that the channel resides in both
modes, with the amount of time spent in each varying
between patches (Marrion, 1993). The effects of patch
Figure 2. Effect of Muscarine on Cells Dialyzed with CaN420 and excision and applied CaN420 were identical for both con-
Inhibitor Peptide to Calcineurin ductance classes, so results are presented with data
Shown is the mean percentage (6 SEM) of suppression of M current from both conductance classes combined.
by muscarine (10 mM). Muscarine was bath-applied to cells after 20 Figure 3 shows the effect of patch excision on M
min of dialysis with control solution (n 5 5), CaN420 (n 5 4), or control channel activity seen in a majority of patches. M channelsolution supplemented with calcineurin autoinhibitory peptide (75
activity is shown in the cell-attached configuration atmM; n 5 6). Data are from the cells used in Figure 1. Dissociated
230 mV, with the channel displaying predominatelyneurons were voltage clamped at 238 mV, and M current was re-
vealed by a 20 mV hyperpolarizingvoltage step. The effect of musca- mode 2 behavior, giving a patch P(o) of z0.37 (Figure
rine was quantitated by measurement of the deactivation relaxation 3A). At this patch potential, mode 2 openings yield open
evoked by the negative voltage step. Muscarine reversibly sup- times with a time constant of 45 ms (75% of openings),
pressed M current in all cases. Muscarine was equally effective in
with mode 1 activity giving a second open time constantall treatments (p < .05, paired t test).
of 4.8 ms (25% of openings) (data not shown). Runs
analysis of P(o) in 500 ms time segments is shown on
solutionscontainingthe calcineurin inhibitor, cyclosporinA the right. The channel P(o) was not stationary, with time
(Figure 1). These findings strongly suggest that both the segment P(o) switching from high (0.4±0.6) to low
size of the M current recorded under these conditions (0±0.15) during the recording (see Marrion, 1993). After
and the observed rundown result from the activation of excision of the patch into the inside-out configuration,
endogenous calcineurin. Therefore, it seems likely that the M channel activity was dramatically reduced, with
CaN420 supplements the action of endogenous cal- short duration events being evident only occasionally
cineurin, resulting in a greater loss of macroscopic M (Figure 3B). All patches were excised into an isotonic
current (Figure 1). potassium solution containing 80 nM free Ca21 that
Neither okadaic acid (1 mM; n 5 9) nor microcystin lacked ATP (see Experimental Procedures). The loss of
LR (200 nM; n 5 11), both of which inhibit protein phos- mode 2 activity upon excision was observed in 13 out
phatase 1 (Macintosh et al., 1990), had any effect on of 21 patches. In general, the loss of long open time
the macroscopic M current (data not shown). Thus, the M channel activity occurred within 1 min after patch
effect of CaN420 is unlikely to be the result of dephosphor- excision.
ylation and inactivation of inhibitor-1, and subsequent In those patches in which mode 2 activity was lost on
activation of protein phosphatase type 1 (Cohen, 1988). patch excision, application of ATP (1 mM) to the patch
It is possible that suppressionof M currentby agonists often restored long open time, high P(o) activity (9 out
is mediated by the activation of calcineurin caused by of 13 patches). In the example shown in Figure 3, the
an increase in [Ca21]i. To determine whether this was patch P(o) increased to 0.27 from the estimated 0.001
the case, muscarine (10 mM) was applied to voltage- first seen after excision. Upon application of ATP, the
clamped neurons dialyzed for 20 min with either control channel switched from high to low P(o) behavior and
solution or this solution supplemented with either CaN420 was quiescent for some 500 ms time segments (Figure
or calcineurin autoinhibitory peptide. For each treat- 3C, right). Although ATP restored M channel activity, it
ment, muscarine suppressed the M current to the same did not exactly reproduce the original gating behavior
degree, as shown in Figure 2 (p < .05, paired t test). of the channel in this patch. Open duration analysis
indicated that mode 2 openings were prevalent, but the
M Channel Activity in Excised open time constant was shorter than that seen before
Inside-Out Patches patch excision. The open duration histogram in ATP
The modal gating behavior of single M channels sug- was best fit with two exponentials having open time
gests that the amplitude of the M current depends on constants of z16 ms (63% of openings) and z2.2 ms
the period of time that M channels reside in long open (37% of openings) (data not shown).
time, high P(o) (mode 2) behavior. Therefore, an inhibi- The degree to which ATP restored M channel activity
tion of mode 2 activity by CaN420 would be expected to varied. Although the absolute magnitude of the open
reduce the macroscopic M current, with little obvious time constant underlying mode 2 activity often differed
change in macroscopic deactivation kinetics (see Mar- after ATP addition, the voltage dependence of this be-
havior was consistent (e-fold in 27 mV hyperpolarization;rion, 1993). The effect of patch excision on M channel
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Figure 3. Restoration of M Channel Activity in Excised Inside-Out Patches by ATP
(A) Cell-attached recording of M channel openings at 230 mV. The right panel shows the runs analysis of M channel behavior during z50 s
of recording. P(o) was calculated for 500 ms time segments as described in Experimental Procedures. The channel shows nonstationary
activity, with high P(o) time segments being preceded and followed by low P(o) sweeps. The left panel shows three 500 ms time segments
of channel activity indicated by the stars in the runs analysis plot.
(B) Approximately 30 s after patch excision, M channel activity was greatly reduced, with only occasional short open time events observed.
(C) Approximately 3 min after applying ATP (1 mM) to the excised patch, M channel activity became stable. Runs analysis (right) shows that
M channel activity was not stationary, with the channel switching between high and low P(o) behavior in successive time segments, as
observed in the cell-attached configuration. The left panel shows representative traces from time segments marked with a star.
n 5 6). The effect of ATP took some minutes to plateau. with the channel switching between high P(o), long open
time activity and low P(o), short open time behaviorThe first occurrence of long open time behavior was
usually observed within 2±3 min of adding ATP, but the (Figures 4A and 4B). After application of CaN420, the
patch P(o) slowly decreased (Figure 4A) owing to a losseffect stabilized only after another 5 min. Patches were
not excised directly into an ATP-containing solution be- of long duration openings (Figure 4B).
Before applying CaN420, the mean patch P(o) was 0.16cause extracellular ATP suppresses macroscopic M cur-
rent (Adams et al., 1982a). at 250 mV (Figure 5). Analysis of M channel open state
kinetics showed that both kinetic components of M
channel modal gating were required to describe M chan-Action of CaN420 Applied to
Inside-Out Patches nel kinetics. The channel displayed predominantly short
duration openings, with an open time constant of 1.9The excised patches in which mode 2 behavior had been
restored by ATP following excision (9 out of 13) were ms (75% of openings), while 25% of channel openings
exhibited long open time (to ≈ 8.6 ms) activity (Figurewashed with ATP-free solution. Those patches with
maintained activity following removal of ATP (4 out of 9 5A, ii). Analysis of M channel activity in 500 ms time
segments showed that the channel displayed predomi-patches) were initially used to determine the effect of
applied CaN420. Addition of CaN420 caused a dramatic nantly mode 1 activity, with a few sweeps exhibiting
mode 2 openings (Figure 5A, iii). Approximately 3±4 minreduction of M channel P(o) and long open time behav-
ior. Figure 4 shows a time course of the effect of CaN420 after addition of CaN420 (92 nM), M channel activity was
obviously reduced, with the patch P(o) decreasing fromon a patch containing a single M channel. Under control
conditions, with the buffer used for CaN420 supple- 0.16 (control) to 0.03 (CaN420) (Figures 4 and 5B, i). This
effect resulted from a loss of mode 2 behavior. An openmenting the bathing solution (see Experimental Proce-
dures), the M channel displayed nonstationary behavior, duration histogram of those events remaining in CaN420
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with the open duration histogram being best fit by a
single exponential reflecting mode 1 behavior (to ≈ 0.46
ms; Figure 6B, right). Removal of CaN420 did not reverse
the effect. However, subsequent application of ATP
(1 mM) following washout of CaN420 produced a partial
recovery of mode 2 behavior with a corresponding in-
crease in patch P(o). This is illustrated by runs analysis
of M channel P(o), showing a return of some long open
time activity (Figure 6C, left). Open state analysis indi-
cated that this behavior was best fit by the sum of two
exponentials, with short duration events (to ≈ 1.0 ms)
still dominating the distribution but with z20% of the
M channel openings displaying mode 2 behavior (Figure
6C, right). A partial recovery from the action of CaN420
by application of ATP was observed in 2 out of 4 patches.
In summary, application of CaN420 reduced mode 2 be-
havior in all patches tested (10 out of 10).
Discussion
Intracellular dialysis of bullfrog sympathetic neurons
with a preactivated, calcium-independent form of cal-
cineurin (CaN420) reduced the macroscopic M current, an
effect blocked by inclusion of calcineurin autoinhibitory
peptide. The mechanism of action of CaN420 may be to
prevent runup. However, the amplitude of the M current
at the end of 20 min of dialysis with CaN420 was smaller
than that seen in control cells. This suggests that the
M current is actually inhibited by intracellular application
Figure 4. Application of CaN420 Reduces M Channel P(o) and Mean of CaN420. Characteristic M current deactivation relax-
Open Time ations arise primarily from high P(o) (mode 2) M channel
M channel P(o) (A) and mean open time (B) were calculated in 5 s time behavior (Marrion, 1993). Therefore, inhibition of M cur-
segments and plotted against time. Before application of CaN420, M rent might be expected to result from a loss of mode 2
channel behavior was nonstationary, with time segments displaying
channel activity. Application of CaN420 to excised inside-either high P(o), long open time behavior or low P(o), short open
out membrane patches caused a loss of mode 2 channeltime activity. After application of CaN420, the M channel P(o) was
behavior, while addition of ATP promoted mode 2 be-slowly reduced, a result of a loss of long open time activity.
havior. These data suggest that the transition between
gating modes is under the control of a phosphorylation±
dephosphorylation cycle, with high P(o) mode 2 channelwas best fit by a single exponential component with a
time constant compatible with mode 1 activity (to ≈ 2.2 gating being promoted by ATP addition and calcineurin-
mediated dephosphorylation favoring low P(o) mode 1ms; Figure 5B, ii). Analysis of M channel P(o) showed
that only very low P(o) activity remained in the presence behavior.
Analysis of macroscopic M current kinetics has indi-of CaN420 (Figure 5B, iii). The effect of CaN420 was sus-
tained and did not reverse upon removal of CaN420 (see cated that the channel possesses multiple kinetic states
(Marrion et al., 1992). Accordingly, single-channel re-Figure 6).
In 8 out of 21 examples, M channel activity was unaf- cordings of M channel activity have indicated that
closed time distributions are best fit by the sum of threefected when the patch was excised into an ATP-free
solution. An example of such a patch is illustrated in exponential components (Marrion, 1993; Selyanko and
Brown, 1993), with mode 2 activity possessing twoFigure 6. Even in the absence of ATP, the channel exhib-
ited predominantly mode 2 openings (Figure 6A). Runs closed states and mode 1 behavior having one (N.V.M.,
unpublished data). Thus, the behavior of the M channelanalysis of M channel P(o) showed that the channel
exhibited a large number of time segments with long may be modeled using two sequential gating schemes
with different rate constants (C±C±O for mode 2 andopen time behavior (Figure 6A, left). Open duration anal-
ysis showed that long open time (to ≈ 8.8 ms) openings C±O for mode 1), separated by a reversible transition.
The model demonstrates that changing the transitiondominated the behavior, with only z29% of the open-
ings yielding short open time (to ≈ 1.2 ms) activity (Figure rate (termed aT) from high P(o) (mode 2) to low P(o)
(mode 1)behavior affects the amount of time the channel6A, right). Approximately 1 min after the addition of
CaN420 (92 nM), the patch P(o) was greatly reduced (from resides in either mode. As shown in Figure 7, the model
can predict the distribution of M channel P(o) activity0.06 in control to 0.001 in CaN420; n 5 6). Runs analysis
showed that channel behavior remaining in CaN420 was that has been observed in cell-attached and excised
patches (see also Marrion, 1993). A 10-fold increase ininfrequent and of short open time (Figure 6B, left). Open
state analysis of events remaining in CaN420 showed that the rate constant aT changes M channel behavior from
predominantly mode 2 to largely mode 1 behavior. Thethis effect was the result of a loss of mode 2 activity,
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Figure 5. Analysis of the Effect of CaN420 on M Channel Activity in Excised Inside-Out Patches
(A) (i) Example of M channel activity that was sustained after the removal of applied ATP. Consecutive sweeps of channel activity at 250 mV.
The channel showed both long and short open time behavior. (ii) An open duration histogram for all events shows that activity was dominated
by short duration behavior, with the distribution being best fit by the sum of two exponentials with open time constants of 1.9 and 8.6 ms.
(iii) Distribution of P(o) within 500 ms time segments. Plotted is the P(o) observed in the time segments versus the number of time segments
displaying that P(o). These data show that the predominance of short duration M channel activity produces a single peak of low P(o), with
some time segments exhibiting high P(o).
(B) (i) M channel activity in the same patch as in (A), after the addition of CaN420 (92 nM). CaN420 lowered the patch P(o) from 0.16 to 0.03. (ii)
Open state analysis of events remaining in CaN420 showed that the reduction in patch P(o) resulted from an abolition of long open time events.
The open duration distribution was best fit by a single exponential with an open time constant of 2.2 ms. The appearance of the large peak
that exceeds the exponential curve at short times arises from the method of analysis. It corresponds to the shortest events that cross the
50% threshold level being grouped together in one duration bin (see Experimental Procedures). (iii) P(o) distribution within 500 ms time
segments shows that the remaining activity was only of low P(o).
effect of applied CaN420 can also be mimicked with this site to that expected for the proposed kinase (Brown
and Adams, 1987; Bosma and Hille, 1989; Brown etmodel. However, two changes are required to do this:
an additional 100-fold increase in the rate constant aT al., 1989; SchaÈ fer et al., 1991; Marrion, 1994). However,
myosin light chain kinase (MLCK) is a candidate for theand a 5-fold decrease in the opening rate constant for
mode 1 gating. This model is likely to be an oversimplifi- kinase. Intracellular perfusion of bullfrog sympathetic
neurons with a preactivated form of MLCK enhancedcation, but because two rate constants had to be
changed to mimic the effect of CaN420, it may suggest the M current (Akasu et al., 1993). Endogenous MLCK is
present in these neurons, and its inhibition by a syntheticthat multiple phosphorylation steps modulate the activ-
ity of the M channel. peptide or wortmannin suppressed both the agonist-
induced over-recovery and the M current measured atThe identity of the putative kinase is not known, al-
though it cannot be protein kinase A or C. Addition of a [Ca21]i of 100 nM (Akasu et al., 1993; Tokimasa et al.,
1995).cAMP derivatives or forskolin does not affect macro-
scopic M current in frog and rat sympathetic ganglia Approximately 50%±70% of the total rat brain cal-
cineurin is membrane associated (Klee, 1991), probably(Adams et al., 1982b; Brown et al., 1989). Furthermore,
activation of protein kinase C by phorbol esters or diac- owing to binding to membrane-associated anchor pro-
teins thought to target the enzyme to its substrateylglycerol analogs inhibits the M current, an effect oppo-
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Figure 6. Partial Recovery from the Effect of CaN420 by Addition of ATP
(A) Sustained M channel activity observed in a patch in the absence of ATP. The left panel shows the runs analysis of mean open time within
500 ms time segments for this patch held at 250 mV. Channel activity was extremely nonstationary, with a large number of time segments
possessing long mean open time activity interspersed with long periods during which the channel was quiescent. Open state analysis showed
that the distribution was best fit by two exponentials (to 5 8.8 and 1.2 ms), with the long open time constant dominating (right).
(B) Addition of CaN420 (92 nM) dramatically reduced the patch P(o) from 0.06 to 0.001. Runs analysis (left) showed that remaining activity was
infrequent and represented only very short mean open time behavior. Analysis of the open state kinetics of those events remaining in CaN420
showed that a total abolition of long open time activity underlied this response. The distribution was best fit by a single exponential with an
open time constant of 0.46 ms (right).
(C) Removal of CaN420 did not allow a return of M channel activity. However, subsequent addition of ATP (1 mM) produced a partial recovery.
The left panel shows runs analysis of mean open time within 500 ms time segments. It can be seen that the patch P(o) was higher than that
seen in CaN420 (from 0.001 in CaN420 to 0.01 after addition of ATP). Some time segments exhibited long mean open time behavior mixed in
with more frequent and longer duration events than were seen in CaN420. This return of long open time activity can be observed in the open
duration distribution, which was best fit by the sum of two exponentials with open time constants similar to that seen in control.
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Figure 7. Model of M Channel Gating Observed in Cell-Attached and Excised Patches and Modulation of Behavior by Application of Calcineurin
The M channel was modeled assuming a membrane potential of 250 mV, with two sequential gating schemes separated by a transition
between the leftmost closed state. Mode 2 activity, producing high P(o), long open time behavior was modeled using a C±C±O scheme to
account for a biexponential closed time distribution and single exponential open time distribution observed in both cell-attached and excised
patches. Mode 2 behavior was considered to derive from a C±O scheme because only single exponential closed and open time distributions
were observed for this mode.
(A) Rate constants have been used to reproduce a patch that exhibits predominantly long open time, mode 2 behavior. The open duration
distribution is best fit by the sum of two exponentials (to 5 10.2 and 3.0 ms), with the long open time constant predominating. Runs analysis
of channel P(o) within 500 ms time segments shows that the behavior is nonstationary, with the channel switching from high to low P(o)
behavior during the simulation. Distribution of P(o) in time segments shows two peaks, one at low P(o), corresponding to mode 1 behavior,
and the other at higher P(o), comprising mode 2 activity.
(B) In z30% of cell-attached patches, M channel activity was characterized as displaying predominantly short duration behavior. Rate constants
for each gating scheme were not changed. Short open duration behavior was modeled by increasing the rate constant for leaving mode 2
gating by 10-fold. This produced an open duration distribution best fit by the sum of two exponentials of identical open time constants, where
now the short duration behavior dominates the distribution. Runs analysis of P(o) in 500 ms time segments shows that the channel displays
predominantly low P(o) activity, with occasional sojourns to high P(o) behavior. This behavior produces largely a single peak in the P(o)
distribution corresponding to mode 1 activity, with a few time segments displaying mode 2 behavior. The gating schemes used in (A) and (B)
reproduce the range of M channel activity recorded in both cell-attached and excised patches (see Marrion, 1993).
(C) The effect of calcineurin is modeled with an additional 100-fold increase in the rate constant for leaving mode 2 behavior and a 5-fold
decrease in the opening rate constant for mode 1 activity. These manipulations produced channel behavior whose open duration distribution
was best fit by a single exponential, corresponding to short open time activity. Runs analysis shows that patch P(o) was greatly reduced,
with only low P(o) activity observed. Analysis of P(o) gave only a curtailed single peak, representing infrequent mode 1 activity.
(Coghlan et al., 1995). The association of calcineurin suggesting that ATP acts by promoting phosphoryla-
tion. The initial loss of mode 2 activity upon patch exci-with an anchor protein may regulate its ability to interact
with an ion channel, as is proposed for the modulation sion into an ATP-free solution maysuggest that an active
phosphatase (presumably calcineurin) can also remainof AMPA/kainate channels by protein kinase A in hippo-
campal neurons (Rosenmund et al., 1994). Findings from associated with the patch. The presence and activity of
an associated kinase and/or phosphatase will yield thethis study suggest that an enzyme(s) remains associated
with the patch after excision. The recovery of mode 2 observed variation in the persistence of M channel activ-
ity after patch excision, in its recoverability upon addi-channel activity following ATP application suggests that
a kinase may be retained with the patch upon excision. tion of ATP, and in the distribution of M channel modal
gating behavior.This is supported by the observation that the effect of
applied CaN420 is partially reversed by applying ATP, It is tempting to postulate that agonist-induced clo-
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sure of M channels occurs by activation of calcineurin. excitability. Inhibition of the M current by larger in-
creases in [Ca21]i (Tokimasa, 1985), presumably the re-Agonists that suppress the M current evoke a measur-
sult of activation of calcineurin, would be expected toable rise in [Ca21]i in frog neurons (Pfaffinger et al., 1988;
increase cell excitability, owingto the loss of the stabiliz-Marrion et al., 1991) but not in rat sympathetic neurons
ing influence exerted by this current. The control of sei-(Beech et al., 1991). Therefore, it is possible that an
zure-generation activity in CNS neurons by M currentincrease in [Ca21]i activates calcineurin. Muscarinic re-
makes it imperative to understand the dynamic controlceptor activation closes M channels, acting through a
of the amplitude of this current.diffusible second messenger in both rat (Selyanko et al.,
1992) and bullfrog (Marrion, 1993) sympathetic neurons.
There is conflicting evidence as to whether the effect
Experimental Procedures
of muscarine can be blocked by chelation of this intra-
cellular calcium increase. High concentrations of intra- Sympathetic neurons were dissociated from adult bullfrogs and
cellular BAPTA either block (Beech et al., 1991; Kirk- maintained in culture as previously described (Marrion and Adams,
1992). Cells were used after 1±7 days in culture. Cell-attached patchwood et al., 1991) or do not block the action of agonist
recordings (Hamill et al., 1981) were made using thick-walled (1.5(Pfaffinger et al., 1988; Marrion et al., 1991; Yu et al.,
mm outside diameter, 0.5 mm inside diameter) quartz electrodes1994). Beech et al. (1991) proposed that their observa- (7±10 MV) containing 110 mM KCl, 5 mM MgCl2, 10 mM HEPES,
tions are a result of the pathway coupling muscarinic and 0.1 mM CaCl2 (pH 7.2) at room temperature. This type and
receptors to M channels requiring a minimum [Ca21]i for configuration of glass gave 50±80 GV resistance seals with minimal
suction, yielding low noise recordings (z0.14±0.17 pA, root meannormal activation. A similar conclusion was reached for
square). Dissociated neurons were superfused (15 ml/min) with afrog neurons by some (Yu et al., 1994) but not others
solution containing 90 mM KMeSO4, 20 mM KCl, 5 mM MgCl2, 0.1(Kirkwood et al., 1991). Recent work supports the pro-
mM CaCl2, 5 mM Na±HEPES, and 30 mM D-glucose (pH 7.2; z290posal that calcium is the diffusible second messenger mOsm). Cells in this solution had z0 mV membrane potential. All
for muscarinic receptor-mediated suppression of M cur- potentials are expressed as the negative of the potential imposed
rent. Selyanko and Brown (1996 [this issue of Neuron]) on the pipette. All patches were excised into this solution. Addition
of ATP and CaN420 to this solution was as follows. ATP was added,have reported that application of calcium to excised
together with MgCl2, calculated using the equations of Fabiato andinside-out patches from rat sympathetic neurons re-
Fabiato (1979) to maintain free MgCl2 at the same concentration asduced M channel P(o). This effect persisted in the ab-
the control solution, and the pH was set to 7.2 with KOH (1 M).
sence of applied ATP, suggesting it was not due to CaN420 was prepared in a buffer containing (final concentration) 60
either phosphorylation or dephosphorylation. This result mM MgSO4, 20 mM EGTA, 10 mM dithiothreitol, and 0.4% glycerol.
suggests that calcium directly inhibits M channels and Whole-cell control recordings were made with these concentrations
supplementing the pipette solution. It was calculated that thesesupports the view that a rise in [Ca21]i may mediate M
concentrations of MgSO4 and EGTA did not markedly perturb esti-current suppression following receptor activation (Sel-
mated free Ca21 and Mg21 concentrations. Approximately 50% of
yanko and Brown, 1996). control excised-patch experiments used CaN420 buffer added to the
In contrast, two lines of evidence indicate that activa- external solution. No effect on M channel behavior was observed
tion of calcineurin does not mediate receptor-mediated in these experiments. Solutions containing ATP and/or CaN420 were
applied to the patch by bath perfusion.suppression of M current. First, in cells dialyzed with
For whole-cell recording, cells were superfused at 15 ml/min withthe calcineurin autoinhibitory peptide added to the elec-
a modified Ringer solution containing 115 mM NaCl, 2.5 mM KCl,trode solution, muscarine still reversibly suppressed the
1 mM MgCl2, 2 mM CaCl2, 5 mM Na±HEPES, and 10 mM D-glucose
M current (see Figure 2). Second, the model described (pH 7.2) at room temperature. Dissociated neurons were voltage
in this study suggests that the kinetic mechanism of clamped (Axopatch 200A, Axon Instruments, CA) using the whole-
cell method (Hamill et al., 1981). Fire-polished electrodes (1±3 MVmuscarine action is different from that of CaN420. The
resistance, 3±6 mm tip diameter) pulled from borosilicateglass capil-effect of CaN420 isprimarily modeled with a large increase
lary tubing (KG-33) were coated with Sticky Wax (Kerr, Romulus,in the transition rate between modes, whereas the effect
MI) and filled with a solution containing 90 mM K±aspartate, 20 mM
of muscarine is to reduce mode 2 gating selectively, with KCl, 1.5 mM MgCl2, 1.5 mM Na2ATP, 5 mM Na±HEPES, 3 mM NaOH,
no change in mode 1 activity (Marrion, 1993). Therefore, 0.2 mM EGTA, and 89 mM CaCl2 (pH 7.2), giving an initial [Ca21]i of
quantitative analysis of the effect of a putative second 80 nM (Fabiato and Fabiato, 1979). Series resistance was acceptable
if it was measured to be <4 MVwith z95% compensation employed.messenger on single M channel activity is required to
Measurement of M current deactivation was obtained from the am-resolve the identity of the true second messenger. How-
plitude of a single exponent fit to the first 350 ms of the evoked
ever, these observations suggest that muscarinic ago- current. Cells were included in the Results only if both the measured
nists suppress M channel activity by a mechanism that series resistance and the deactivation time constant did not change
is different from that of calcineurin. during the experiment. A junction potential of 18 mV recorded be-
tween the Ringer and electrode solutions was subtracted from allThe finding that the distribution of modal M channel
recorded potentials.behavior is under the control of a calcium-sensitive
All compounds were purchased from Sigma, except HEPES (freephosphorylation/dephosphorylation cycle is in com-
acid and Na1 salt), which was obtained from Calbiochem, and
plete agreement with the effects of raising whole-cell KMeSO4, which was purchased from Pfaltz and Bauer. Calcineurin
[Ca21]i on the macroscopic M current (Marrion et al., autoinhibitory peptide was obtained from BachemCalifornia. Preac-
tivated calcineurin was kindly provided by Drs. Tom Soderling and1991; Yu et al., 1994). The implications of this for neu-
Brian Perrino (Vollum Institute, Oregon Health Sciences University,ronal excitability are numerous. Modest increases in
Portland, Oregon).[Ca21]i from the firing of action potentials augment the Single-channel currents were recorded with an Axopatch 200A
M current, presumably by phosphorylation (Marrion et amplifier (Axon Instruments) and digitized onto video (37 kHz band-
al., 1991; Kirkwood and Lisman, 1992). This in turn pro- width; VR10B, Instrutech Corp., NY) for later analysis. M channels
were recognized by their obvious voltage dependence, sustainedduces membrane hyperpolarization and a decrease in
Neuron
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activation at all potentials, and single-channel conductance (Mar- Bosma, M.M., and Hille, B. (1989). Protein kinase C is not necessary
for peptide-induced suppression of M current or for desensitizationrion, 1993). Both conductance levels were always observed, with
each possessing identical open state kinetics. CaN420 was confirmed of the peptide receptors. Proc. Natl. Acad. Sci. USA 86, 2943±2947.
as having an identical effect on both conductance classes, so that Brown, D.A. (1988). M-currents. In Ion Channels, T. Narahashi, ed.
for this study, both conductance classes were grouped together. (New York: Plenum), pp 55±94.
Single-channel records at 230 and 250 mV were filtered at 1 kHz
Brown, D.A., and Adams, P.R. (1980). Muscarinic suppression of awith an 8-pole Bessel filter (Frequency Devices, MA) and acquired
novel voltage-sensitive K1-current in a vertebrate neurone. Natureat 100 ms intervals for analysis using Pulse (Heka, distributed by
283, 673±676.Instrutech). Single channels were analyzed using MacTAC (Skalar
Brown, D.A., and Adams, P.R. (1987). Effects of phorbol dibutyrateInstruments, distributed by Instrutech). The ª50% thresholdº tech-
on M currents and M current inhibition in bullfrog sympathetic neu-nique was used to estimate event amplitudes and durations. The
rons. Cell. Mol. Neurobiol. 7, 255±269.threshold was adjusted for each opening, and each transition was
inspected visually before being accepted. Open duration histo- Brown, D.A., Marrion, N.V., and Smart, T.G. (1989). On the transduc-
grams, constructed from openings to level 21, were logarithmically tion mechanism for muscarine-induced inhibition of M-current in
binned, and a square root transformation of the ordinate (number cultured rat sympathetic neurones. J. Physiol. 413, 469±488.
of events per bin) was used, with the distribution being fitted by a Coghlan, V.M., Perrino, B.A., Howard, M., Langeberg, L.K., Hicks,
sum of exponential probability density functions using the maxi- J.B., Gallatin, W.M., and Scott, J.D. (1995). Association of protein
mum-likelihood method. With this type of representation, peaks in kinase A and protein phosphatase 2B with a common anchoring
the histogram correspond to the time constant of the exponential protein. Science 267, 108±111.
(Sigworth and Sine, 1987). Missed events were not corrected for,
Cohen, P. (1988). Protein phosphorylation and hormone action.so that any events shorter than 166 ms were missed, because after
Proc. R. Soc. Lond. (B) 234, 115±144.filtering they never reached the 50% threshold. These limits of reso-
Fabiato, A., and Fabiato, F. (1979). Calculator programs for comput-lution did not obviously affect determination of the shortest (2±5 ms)
ing the composition of the solutions containing multiple metals andopen time constant (see Marrion, 1993). However, at the recording
ligands used for experiments in skinned muscle cells. J. Physiol.bandwidth, the shortest resolvable open duration that allows an
(Paris) 75, 463±505.event to cross the 50% threshold will group all those events in one
duration bin. This effect gives rise to a prominent peak of extremely Hamill, O., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.
short duration in the open duration histogram (see Figures 5±7). (1981). Improved patch-clamp techniques for high resolution current
As expected, when the number of very short duration events was recordings from cells and cell-free membrane patches. PfluÈ gers
increased (by the action of CaN420), the size of this peak also in- Arch. 391, 85±100.
creased. Channel P(o) was estimated as NP(o), the product of the Hashimoto, Y., Perrino, B.A., and Soderling, T.R. (1990). Identifica-
open probability multiplied by the number of channels. NP(o) was tion of an autoinhibitory domain in calcineurin. J. Biol. Chem. 265,
calculated as the sum of (dwell time 3 level number) divided by the 1924±1927.
total time. N was estimated as the number of simultaneously open
Horn, R. (1991). Estimating the number of channels in patch re-channels at 230 mV (Horn, 1991).
cordings. Biophys. J. 60, 433±439.M channels were modeled using CSIM (Axon Instruments), with
rate constants derived from analysis of M channel open and closed Jones, S.W., and Marks, T.N. (1989). Calcium currents in bull-frog
sympathetic neurons. I. Activation kinetics and pharmacology. J.time distributions. The rate constants for the transition between
modes were estimated from the mean duration of high and low P(o) Gen. Physiol. 94, 151±167.
activity observed in 500 ms time segments. Kirkwood, A., and Lisman, J.E. (1992). Action potentials produce a
long-term enhancement of M-current in frog sympathetic ganglion.
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